Japanese cultivated gentians (Gentiana triflora, G. scabra and their hybrids) are economically important floricultural plants and their use is growing annually worldwide. We isolated 48 simple sequence repeat (SSR) markers using a SSR-enriched genomic library constructed from a gentian double haploid (DH) line. We demonstrated the utility of these SSR markers as a molecular tool for identification of vegetative-propagated gentian cultivars that are difficult to distinguish from their morphology. Five SSR loci showed high genetic polymorphism among 12 Japanese gentian cultivars, ranging from five to eight alleles per locus, with expected heterozygosity between 0.656 and 0.826, and enabled simple and precise identification of cultivars. It was confirmed that the markers were suitable to estimate genetic similarity among cultivars and were also applicable to ten related Gentiana species. This is the first report of the development of a comprehensive set of SSR markers in Japanese cultivated gentians to facilitate genomic analyses in Gentiana, including species of economic importance.
Introduction
The genus Gentiana consists of more than 400 species and is distributed worldwide in temperate zones except for Africa (Kohlein, 1991) . Japanese cultivated gentians are derived from two species, G. triflora and G. scabra, and are one of the most important floricultural plants in Japan, where they are mainly cultivated for cut flowers and potted plants (Nishihara et al., 2008) . The plants have unique vivid blue flowers and usually bloom from July to November in Japan (Kodama, 2006) . Recently, Japanese gentians have been introduced to Chile and New Zealand, and are now exported from Japan and these countries to Europe. Japanese gentians have been bred over the last half-century, and more than 200 commercial cultivars are registered in Japan at the present time. In addition, some elite Japanese cultivars have been registered recently in the Netherlands and New Zealand.
Gentian cultivars are usually propagated from F 1 hybrid seeds or seedlings by micropropagation. Because they are perennial plants possessing high genetic heterogeneity and a long juvenile period (approximately for over 2 years to bloom), the maintenance of parent lines and the distribution of heterozygous cultivars are now being carried out by tissue culture, even though they are raised from F 1 hybrid seeds. The ease with which gentians can be cloned via vegetative propagation heightens the risks of infringement of the breeder's rights by unregulated propagation and distribution of highvalue cultivars. Because gentian breeding is difficult and is more expensive and time-consuming than many other floricultural plants, strict observance of breeders' rights is important. Previously, morphological features, including flower color, flower shape, leaf shape, blooming date, and plant height, have been mainly used for cultivar identification; however, because such phenotypes are easily influenced by environmental factors, it is impossible to use them as reliable indicators. Therefore, a rapid, more reliable and objective method 476 is needed for cultivar identification of gentians.
DNA markers have many advantages for discrimination of taxonomic sections and cultivars of a variety of horticultural plants, including strawberry (Kunihisa et al., 2003 (Kunihisa et al., , 2009 , peach (Dirlewanger et al., 2002) , and tea (Kaundun and Matsumoto, 2003) (reviewed by Wünsch and Hormaza, 2002) . In Gentiana, random amplified polymorphic DNA (RAPD) markers were developed and used to discriminate G. triflora from G. scabra (Jomori et al., 2000) . It was also reported that inter-simple sequence repeats (ISSR) were used to analyze genetic variation and population differentiation in G. atuntsiensis and G. striolata (Zhang et al., 2007) . More recently, Shimada et al. (2009) reported that sequence characterized amplified region (SCAR) markers based on length polymorphisms in intron regions of flavonoid biosynthetic genes could distinguish vegetatively propagated gentian cultivars. Phylogenetic and pedigree analysis of Gentiana was conducted using single nucleotide polymorphisms (SNPs) of the W14/ W15 alleles, encoding a member of the α/β-hydrolase fold superfamily (Hikage et al., 2011) . Mishiba et al. (2009) 
investigated genetic relationships among
Gentiana species based on chloroplast DNA sequences and nuclear DNA contents; however, these DNA markers have advantages and disadvantages depending on the method used, and a more versatile method is required to distinguish many Japanese gentian cultivars. For example, RAPD and ISSR markers are dominant and show poor reproducibility in some cases. On the other hand, SCAR and SNP markers based on polymorphisms in particular genes need genomic sequence information for their development. Few Gentiana gene sequences have been lodged in public databases; therefore, available markers are currently limited.
Simple sequence repeat (SSR, also termed microsatellite) markers are highly reproducible, genetically codominant and multiallelic (Morgante and Olivieri, 1993; Powell et al., 1996a) . SSRs are tandemly repeated sequence motifs 1-6 bp in length and are widely present in the eukaryotic genome. Therefore, SSR markers have been applied to discriminate cultivars in many crops, such as soybean (Hossain et al., 2000) , fruit trees including apple (Goulão and Oliveira, 2001) , olive (Díaz et al., 2006) , peach (Dirlewanger et al., 2002; Yamamoto et al., 2003) , sweet cherry (Dirlewanger et al., 2002) , pear (Kimura et al., 2002) , Japanese apricot (Hayashi et al., 2008) , and almond (Shiran et al., 2007) , in vegetable crops including melon (Chiba et al., 2003) , strawberry (Shimomura and Hirashima, 2006) , eggplant (Nunome et al., 2009) , Brassica rapa (Suwabe et al., 2002 , and cucumber (Fukino et al., 2008) , and floricultural plants including pelargonium (Becher et al., 2000) and carnation (Smulders et al., 2003) . In Gentiana, ten SSR markers were developed for the Chinese medicinal plant G. crassicaulis (Li et al., 2007) ; however, since G. crassicaulis belongs to a different taxonomic section from the Japanese cultivated gentians G. triflora and G. scabra (Ho and Liu, 2001) , these SSR markers could not be successfully applied to Japanese gentians.
The development of SSR markers in plant species for which a complete genomic sequence is unavailable usually requires considerable cost and effort, but several efficient protocols for obtaining SSR markers have been developed (Hayden et al., 2004; Lian et al., 2001 Lian et al., , 2006 Nunome et al., 2006) ; however, the high genetic heterogeneity of cultivated Japanese gentians makes it difficult to isolate many SSR loci effectively. To solve this problem, Doi et al. (2010) recently produced doubled haploid (DH) gentian lines that are completely homozygous by anther culture. These lines are the first pure lines of Japanese gentian and are considered valuable for effective development and evaluation of SSR markers.
In this study, 48 SSR markers were developed using a SSR-enriched genomic library derived from the gentian DH line 'Aki6PS'. We tested the utility of SSR primers using 12 gentian cultivars and demonstrated that precise and reliable cultivar identification was possible in Japanese gentian. Genetic relatedness could also be assessed using these markers, providing valuable information on the genetic background of each cultivar. Moreover, the SSR markers developed here were transferable to species from several taxonomic sections of Gentiana, including species of economic importance. These findings provide important information useful for gentian breeding programs in the future.
Materials and Methods

Construction of enriched SSR library
Total genomic DNA was isolated from 1 g leaf samples from the G. triflora DH line 'Aki6PS' (Doi et al., 2010) using the CTAB method as described by Murray and Thompson (1980) , with slight modifications following Doyle and Doyle (1990) . The SSR-enriched genomic libraries were developed as described by Nunome et al. (2006) . In brief, genomic DNA was digested with either of two restriction enzymes, Hae III or Alu I, and then ligated with a PCR adaptor. Each DNA fragment was hybridized with biotin-labeled (CA) 15 or (GA) 15 probes at 60°C for 16 h, and then mixed with streptavidin-coated magnetic beads (Dynabeads M-280 streptavidin, Life Technologies, USA). The beads were washed with 1× saline-sodium citrate buffer at 60°C and eluted with Tris-EDTA buffer. SSR-enriched fragments were amplified and subcloned into the pGEM-T Easy vector (Promega, USA). Sequence analysis was performed using the BigDye ® Terminator v1.1 cycle sequencing kit and an ABI PRISM 3130xl Genetic Analyzer (Life Technologies). SSR markers were predicted and developed using WebSat software (Martins et al., 2009) .
SSR amplification and detection
Twelve Japanese gentian cultivars were used in this study (Table 1 ). In addition, 10 other species of Gentiana and single species of Exacum (E. affine), Eustoma (E. grandiflorum), Tripterospermum (T. japonicum), and Swertia (S. bimaculata) were used for amplification with the five SSR markers developed in this study and 10 markers developed for G. crassicaulis (Li et al., 2007) . Fresh tissue (70-80 mg) from young leaves was collected in 2 mL plastic screw vials containing 2 mm diameter alumina beads. The leaf samples were frozen in liquid nitrogen and then powdered twice with a bead cell disrupter (Micro Smash, Tomy Seiko, Japan) at 5,500 rpm for 20 s. Total genomic DNA was isolated from the powdered samples using the GenElute Plant Genomic DNA isolation kit (Sigma-Aldrich, USA) according to the manufacturer's protocol. Isolated DNA was separated on a 0.7% (w/v) agarose gel and stained with ethidium bromide. DNA concentrations were estimated using lambda DNA as a standard.
PCR amplification was performed in a 20 µL reaction mixture containing 2 ng genomic DNA, 0.5 µM of each primer, as shown in Table 3 , 0.2 mM dNTPs, 1× Ex buffer, and 0.25 U Ex Taq polymerase (Takara Bio, Japan). The PCR conditions were 94°C for 2 min, followed by 30 cycles at 95°C for 20 s, 60°C for 40 s, and 72°C for 60 s, and a final extension at 72°C for 5 min. Amplification was checked by at least two independent PCR experiments. The amplified fragments were separated on a high-efficiency genome scanning (HEGS) running system (Kawasaki and Murakami, 2000) . In brief, 1 µL of each sample per lane was loaded onto polyacrylamide gels consisting of a stacking gel (5% [w/v] 
Cloning and sequencing of PCR amplification products
The amplified fragments containing two SSR markers (Gtm01 and Gtm43) in the 12 gentian cultivars were subcloned into the cloning vector as described above. The sequencing templates were prepared using the Illustra TempliPhi DNA amplification kit (GE Healthcare), and were subjected to sequencing analysis as described above. The sequences were aligned using GENETYX-MAC 12 software (Genetyx, Japan).
Statistical and phylogenetic analysis of SSR markers
The amplification results of five SSR primer sets were scored and used for calculation of the observed and expected heterozygosities (H O and H E , respectively) and polymorphism information content (PIC) for the 12 gentian cultivars using the MarkerToolKit 1.0 program (Fujii et al., 2008) . H O was calculated as the number of heterozygous genotypes at a given locus divided by the total number of genotypes scored at that locus. H E was calculated using an unbiased formula from allele frequencies assuming Hardy-Weinberg equilibrium (Nei, 1987) . The PIC values for each SSR locus were calculated as described by Anderson et al. (1993) . This value provides an estimate of the discriminatory power of a SSR locus by taking into account not only the number of alleles per locus, but also their relative frequencies in the germplasm studied. The genetic distances were estimated using the 'dnadist' function in the PHYLIP 3.6 software package (Felsenstein, 1989) . A phylogenetic tree was constructed based on the unweighted pair group method using arithmetic averages (UPGMA) using the 'neighbor' function of the PHYLIP package, and the tree was visualized with GENETYXTree 1.01 (Genetyx).
Results and Discussion
Construction of a SSR-enriched library and isolation of SSRs SSR markers show the highest levels of polymorphism among RFLP, RAPD, and amplified fragment length polymorphism (AFLP) markers (Powell et al., 1996b) . Furthermore, the average PIC value for di-nucleotide repeats was higher than that for tri-and tetra-nucleotide repeats (Smith et al., 1997) . Thus, we attempted to develop SSR markers containing di-nucleotide repeats applicable to Japanese gentian. To isolate SSR loci from plants lacking genomic and cDNA sequence information, several protocols, such as the screening of a genomic library by SSR probes (Chiba et al., 2003; Suwabe et al., 2002) , utilization of SSR markers from closed species (Hayashi et al., 2008; Shiran et al., 2007) , construction of an SSR-enriched library (Díaz et al., 2006; Nunome et al., 2006) , and sequencing of amplified ISSR fragments (Hayden et al., 2004; Lian et al., 2001 Lian et al., , 2006 , have been developed. Our preliminary experiments using suppression PCR (Lian et al., 2001 ) to isolate SSRs in Japanese gentian were inefficient, although the reason was not clearly understood (data not shown). Thus, in this study, we identified SSR loci in Japanese gentian by constructing a SSR-enriched library with a low level of redundancy, as described by Nunome et al. (2006) . Gentian SSR-enriched libraries were constructed using a combination of two probes (CA/GT or GA/CT) and two restriction enzymes (Hae III or Alu I). A total of 475 clones were subjected to sequence analysis, of which 211 clones (44.4%) had unique sequences containing SSR motifs (Table 2 ). In comparison, the SSR-enriched libraries constructed using the same method contained 8.7-37.6%, 30.2%, and 14.1% unique SSR loci in bunching onion (Tsukazaki et al., 2007) , eggplant (Nunome et al., 2009) , and cucumber (Fukino et al., 2008) , respectively. In G. crassicaulis, Li et al. (2007) reported that 34.2% contained SSR sequences in the AC/ TG-enriched library constructed by combining with the biotin capture method. Therefore, the gentian SSRenriched library constructed in this study was considered to have comparably low redundancy and was useful to isolate SSRs effectively. Although gentian genomic DNA was enriched by both CA/GT and GA/CT probes, the CA/GT motif was more frequently enriched than GA/CT (data not shown). Generally, the AT/TA dinucleotide repeat motif is most abundant in plants, and the GA/CT motif is usually more frequent than the CA/ GT motif (Lagercrantz et al., 1993) . However, similar to our results, the CA/GT motif is more common than the GA/CT motif in the genomes of bunching onion and tobacco (Lagercrantz et al., 1993; Tsukazaki et al., 2007) ; therefore, the distribution of di-nucleotide repeats seems to differ among plant species.
Primer design and SSR amplification Ninety-five clones (20.0%) were suitable for the design of specific primer sets to amplify microsatellite loci ranging from 90 to 299 bp in length (Tables 2 and  3 ). The other 116 unique SSR sequences could not be used, because the sequences proximal to the SSR motif were too short to design appropriate primers. The frequency with which primers could be designed in Japanese gentian (45.0%) was lower than in other species, such as eggplant (75.0%, Nunome et al., 2009) and cucumber (96.3%, Fukino et al., 2008) . One of the reasons was because we attempted to design primers with a uniform annealing temperature of 60°C to ensure reproducible and reliable amplification. This is also helpful to avoid procedural errors arising from the need to change the annealing temperature for each primer set; however, we would need to perform further refinements, e.g. hybridization and washing conditions, and improve sequence quality, to obtain additional SSR primers in the future. The designed primers were screened by PCR amplification using genomic DNA from the DH line 'Aki6PS', from which the SSR-enriched library was constructed. If an SSR marker is targeted to a single locus, a single fragment should be amplified from the DH line genomic DNA. Of the 95 primer sets, 48 showed amplification of a single fragment with an expected size ( Fig. 1 [lane DH] , Table 3 ), indicating that about 50.5% of the designed primers were utilizable. In comparison, 75.3% and 81% of primer sets produced a clear band of the predicted size in eggplant (Nunome et al., 2009 ) and ryegrass (Jones et al., 2001) , respectively. The SSR markers of gentian seemed to be obtained with lower efficiency than those of other plants, and so further sequencing analysis of the SSR-enriched library would be needed.
Application of SSR markers for cultivar identification
We evaluated whether the SSR markers were applicable for Japanese gentian cultivar identification. Five primer sets (Gtm01, Gtm10, Gtm28, Gtm43, and Gtm84) were selected to discriminate 12 gentian cultivars. The results clearly showed that highly reproducible and polymorphic patterns were observed among the cultivars (Fig. 1, Table 4 ). Five to eight alleles were detected for each SSR marker, and 34 alleles were detected. Japanese gentian is diploid (2n = 26), and all cultivars showed amplification of either one or two fragments. To check that the amplified fragments contained the SSR sequences, sequencing analyses were performed for two markers (Gtm01 and Gtm43) among all 12 cultivars (Fig. 2, data not shown) . The fragments all contained the SSR target sequence corresponding to the loci of 'Aki6PS'. The difference in fragment length among cultivars for the Gtm01 marker reflected the (Fig. 2) . The Gtm43 marker amplified the same loci containing two repeat motifs (CA/GT and AAT/TTA) among all cultivars (data not shown).
The expected (H E ) and observed (H O ) heterozygosities ranged from 0.656 (Gtm43) to 0.826 (Gtm84) and from 0.583 (Gtm43) to 0.833 (Gtm84), respectively (Table 4) . The mean H O (0.700) was slightly lower than the mean H E (0.743). The presence of null alleles is known to be a problem associated with the use of SSR markers (Callen et al., 1993) . Their presence is indicated if H O is markedly less than H E . For the five gentian SSR loci studied, no major difference between the expected and observed heterozygosities was observed, implying the absence of null alleles. The PIC values among the 12 gentian cultivars ranged from 0.625 (Gtm43) to 0.805 (Gtm84). The PIC value is also a suitable indicator of the informative potential of the marker in cultivar identification. In other studies, the average PIC values of SSR markers were 0.59, 0.68, and 0.61 in bunching TGCATCGAGACTTCACGGTT onion (Song et al., 2004) , Brasicca rapa , and soybean (Hossain et al., 2000) , respectively. In the present study, the average PIC value was 0.714; therefore, the five loci were considered to be highly informative markers in Japanese gentian cultivars. At least two SSR loci (Gtm01 and Gtm84) could distinguish all 12 cultivars. This is superior to SCAR markers based on the intron length polymorphism of flavonoid biosynthetic genes (Shimada et al., 2009) , in which eight gentian cultivars/lines could be distinguished using five markers; therefore, the gentian SSR markers developed in this study are considered to be a more powerful tool for identifying Japanese gentian cultivars. In comparison, 58 Asian pear cultivars were differentiated by nine SSR markers with a total of 133 putative alleles by Kimura et al. (2002) . Moreover, 111 Japanese apricot, 41 carnation, and 51 olive cultivars could be discriminated by 14, 13, and seven SSR loci, respectively (Díaz et al., 2006; Hayashi et al., 2008; Kimura et al., 2009) ; therefore, the remaining 43 SSR primer sets developed in this study might be useful for discrimination of a greater number of gentian cultivars. The allele numbers detected by SCAR markers based on intron length polymorphism of flavonoid bio- Table 5 . The numerals in parentheses correspond to the cultivars listed in Table 1 . The box indicates the variable SSR motif region. Arrows indicate the primer positions. Table 1 . synthetic genes were lower than those detected with the SSR markers developed in this study (Shimada et al., 2009) . W14/W15 showed high allelic variability among Japanese gentian cultivars, but it was difficult to increase the polymorphic information because they are coded by a single locus (Hikage et al., 2011) ; therefore, our SSR markers have advantages over the markers developed previously and are useful to protect Japanese gentian breeders' rights.
Genetic similarity of Japanese gentian cultivars Based on the scoring of polymorphisms of the five SSR loci (Table 5) , genetic similarities were determined. A dendrogram was constructed based on the distance matrix using the UPGMA method (Fig. 3) . 'Momokorin' and 'Aokorin' were sib-cultivars from common parents and showed the closest genetic relationship. 'Maerchen Ashiro' and 'Shineblue Ashiro' were classified in the same cluster, as both have a similar genetic background (Hikage et al., 2011) . The white-flowered cultivars 'Polarno White', 'Pure White', and 'Crystal Ashiro' also showed high genetic similarity. Thus, the SSR markers could estimate genetic similarity among gentian cultivars. Hikage et al. (2011) undertook pedigree analysis of Gentiana cultivars and species using haplotypes of the W14/15 esterase gene. SSR markers have been utilized as a tool for pedigree analysis in maize (Smith et al., 1997) and olive (Díaz et al., 2006) . Because gentian ancestors are unknown in most cases, our SSR markers would be applicable for such pedigree prediction. Such information would be extremely valuable for systematic gentian breeding programs in the future.
Transferability of SSR markers in the Gentianaceae
The transferability of gentian SSR markers was examined using 14 other species belonging to the Gentianaceae (Table 6) . Gentiana contains over 400 species classified into 14 sections (Ho and Liu, 2001) . Gentiana triflora and G. scabra are placed in sect. Pneumonanthe. All five SSR markers successfully amplified fragments in G. lagodechiana from sect. Pneumonanthe and G. cachemirica from sect. Kudoa, which is taxonomically close to sect. Pneumonanthe; however, although G. asclepiadea and G. hexaphylla belong to sections Pneumonanthe and Kudoa, respectively, fragments were amplified less effectively by the SSR markers. Gentiana asclepiadea is indicated to be much closer to sect. Gentiana than to sect. Pneumonanthe based on chloroplast DNA sequence data and nuclear DNA content analyses (Mishiba et al., 2009 ), so our result seems to reflect the taxnomic position of G. asclepiadea based on recent molecular analysis. Some of the primers could be applied to species from other sections and, in particular, Gtm01 was transferable to all ten Gentiana species tested. Li et al. (2007) developed 10 SSR markers in G. crassicaulis and reported that amplifications with six to eight of the markers were successful in four Chinese Gentiana species in sect. Cruciata (G. dahurica, G. macropylla, G. straminea, and G. tibetica). We also investigated the utility of the 10 SSR markers developed by Li et al. (2007) , but only four primers were applicable to G. triflora and G. scabra (Table 6 ). Thus, it is concluded that in a genus with considerable interspecific genetic variation, such as Gentiana, SSR markers should be developed within each of the genetically close taxonomic groups. No amplified fragment was detected among the species of Exacum, Table 5 . Genotypes for five SSR loci in 12 Japanese gentian cultivars.
z Band patterns shown in Figure 1 were scored for genotyping at each SSR locus.
Cultivar no. Genotyping of SSR locus Fig. 3 . Dendrogram representing relationships among 12 Japanese gentian cultivars constructed using the UPGMA method based on variation at five SSR loci. Genetic distance is indicated above the dendrogram. Table 6 . Transferability of SSR markers in the family Gentianaceae.
+: expected band amplification. −: no fragment amplification. Gcr001-Gcr231are SSR markers developed by Li et al. (2007) .
Genus Sections
Species
SSR locus
Gtm01 Gtm10 Gtm28 Gtm43 Gtm84 Gcr001 Gcr023 Gcr059 Gcr074 Gcr128 Gcr138 Gcr169 Gcr186 Gcr197 Gcr231
Gentiana Pneumonanthe G. triflora Eustoma, Tripterospermum, and Swertia studied (Table 6) ; therefore, our SSR markers developed for Japanese gentians are most applicable for the analysis of genetic relationships in sect. Pneumonanthe and closely related sections. It can be concluded that the SSR markers developed in this study provide an effective method for cultivar identification in Japanese gentian. They provided high levels of polymorphisms and are applicable for investigating genetic relationships among Japanese gentians. These SSR markers have numerous other attractive potential applications, such as for construction of genetic linkage maps, tagging genes in trait-specific segregating populations for marker-assisted breeding and for seed-purity analysis, in future studies.
